 Introduction 21
Coastal areas are often characterized by highly variable and heterogeneous wind, wave and 22 current conditions, which make the numerical prediction of the meteo-oceanographic 23 processes difficult. For instance, wind jets induced by orographic effects present strong spatial 24 wind field variability due to the orographic characteristics (e.g. Shimada and Kawamura, 25 2006; Zhai and Bower, 2013) . Due to the persistence in wind intensity and direction, these are 26 regions exposed to the installation of offshore wind farms (Nunalee and Basu, 2013), and the 27 resultant offshore winds decisively influence the exchange of water mass and material along 28 the shelf/slope (Jordà et In coastal zones the air-sea momentum transfer presents high complexity due to the 5 dependence of wind intensity on sea bottom roughness. The relevance of the atmospheric 6 bottom roughness increasing due to waves has been investigated in recent years (Janssen, 7 1989; Janssen and Viterbo, 1996; Lionello et al.1998 The case of the Ebro River shelf (NW Mediterranean Sea; see Figure 1 ) is characterized by 20 strong, dry and usually cold wind that blows from the north-west through the Ebro valley, 21
induced by the lee of the Pyrenees mountains. The westerly wind, greatly affected by the 22 orography, is channelized into a limited band, forming a wind jet (Jansà, 1985 ; Spanish 23
Ministry of Energy, 2004). The synoptic situation is related to an anticyclone in the Bay of 24
Biscay and a low-pressure area in the Mediterranean Sea (Riosalido et al., 1986; Font, 1990; 25 Martín-Vide, 2005; Cerralbo et al., 2015) . Offshore wind is more usual and intense during 26 autumn and winter, when larger atmospheric pressure gradients take place and cause stronger 27 winds with advection of cold air, but a small atmospheric pressure difference along the Ebro 28 valley is sufficient to initiate wind during any season (Riosalido et al., 1986; Cerralbo et al., 29 2015) . 30 The objective of this contribution is to describe the meteo-oceanographic processes associated 31 with a wind jet developing at the northern margin of the Ebro River shelf. This work provides 32 insight into wind jet in a complex area from an orographic point of view, such as the Ebro 1 delta shelf, describing the main wind, wave and current patterns and evaluating the feedback 2 in the air-sea momentum transfer in terms of wave-induced ocean bottom roughness. After 3 the introduction (Section 1), in Section 2 (Methods) we describe the study area, the COAWST 4 model implementation and the wind jet event selected to investigate in detail the meteo-5 oceanographic dynamics. Then, in Results (Section 3) we show the most relevant meteo-6 oceanographic processes observed and a detailed skill assessment of the fields modelled, 7
comparing with a set of available data (i.e. in situ observations and remote-sensing products). 8
Also, the feedback in the air-sea momentum transfer in terms of wave-induced ocean bottom 9 roughness is investigated with a set of simulations testing different air-sea momentum 10 transfer formulations. Afterwards, we discuss (Section 4) the relevance and particularities of 11 the dynamics of the wind jet area in terms of waves, winds and currents, comparing with 12 previous investigations. The implications of the wind-wave coupling in terms of the wind 13 resource assessment are highlighted. We close with the conclusions (Section 5). 14  Methods 15
Study area and observations 16
The meteorological patterns over the NW Mediterranean Sea exhibit sharp gradients 17 associated with the topographic control on synoptic fluxes (Jansà, 1985 westerly component caused by wind channelization was observed. For instance, recent wind 24 measurements revealed that cross-shelf winds were observed more than 60 % of the time 25 during these seasons (Grifoll et al., 2015) . In this period, the energy is concentrated in the low 26 frequencies associated with synoptic scales (periods of 2-5 days, corresponding with the 27 passage of weather systems). However, the warmer period (spring and summer) is 28 characterized by high variability with a dominance of south-westerly winds. This means that 29 during spring and summer the relative contribution of the daily components (breezes) to the 30 variability increases with respect to the synoptic winds (Font, 1990; Cerralbo et al., 2015) . 1 The warmer seasons are less energetic than the cold seasons in terms of wind intensity. 2
The Ebro River delta is located immediately to the south of the wind jet region, and the 3 average annual river discharge ranges between 300 and 600m 3 ·s -1 . The curvature of the bay 4 partially shelters it from southerly waves. Regional wave climate in this area is characterized 5 by south-east and east sectors, the latter being the most energetic due to the largest fetches 6 1987) and fourth-order biharmonic Laplacian viscosity and mixing terms on geopotential 7 surfaces for velocity and tracers, respectively, both with constant coefficients of 0.5m 4 s -2 . The 8 bottom boundary layer was parameterized using a log profile with bottom roughness equal to 9 0.005m. 10
The atmospheric model is nested into the ECMWF ERA-Interim reanalysis product 11 considering four downscaling meshes -M1, M2, M3 and M4 with resolutions of 27km, 9km, 12 3km and 1km, respectively -to obtain suitable grid resolution for the complex orography of 13 the region (see Figure 1 ). The WRF implementation uses a Mellor-Yamada-Nakanishi-14 Niino (MYNN) level 2.5 planetary boundary layer scheme. 15
Episode description and numerical sensitivity test 16
As we noted in the introduction, the air-sea momentum transfer presents high complexity 17 due to the relation of wave characteristics and the sea bottom roughness, which in turns affect 18 the wind field. In order to investigate the air-sea momentum transfer in the wind jet, a set of 19 simulations have been designed applying different air-sea momentum transfer formulations 20 included in the COAWST modelling system. The sensitivity tests pursue an evaluation of the 21 "coupling" effects on two principal variables involved in the air-sea momentum transfer: 22 wind intensity (W) and significant wave height (H s ). In this sense three different formulations (where the numerical results are also compared with the measurements). The second point is 2 located 30km offshore of the measurement point (see control point in Figure 1 ). This point 3 has been chosen in order to capture the wave growth due to cross-shelf winds and evaluate 4
properly the coupling-uncoupling differences. Although the global wind model assimilates the satellite information, the Weibull distribution 31 of the high-resolution model presents a better level of agreement than the observations. A 1 snapshot of the SeaWinds product was compared with the numerical outputs in Figure 5 . 2
Wind patterns from both products present a significant level of agreement in both components 3 assuming the coarser resolution of the SeaWinds. Additional verification is presented in Table  4 2 using model-observation statistics in terms of wind intensity for the whole year of 2012. In 5 summary, modelled winds show an acceptable level of agreement with the observations. 6
In Figure 6 , time series comparing the results obtained from the coupled SWAN model (mesh 7 O3) and the buoy measurements (see position in Figure 1 ) are shown. The time series 8 comparison corresponds to the significant wave height (H s ), the mean wave period (Tm 01 ) and 9 the mean wave direction (θ w ). In general, the model reproduces the observations in terms of 10 mean behaviour and variability. Figure 7a show a snapshoot of the waves' directional spectra during the wind jet period 13 selected at the measuring point; the results reveal the tendency to develop bimodal directional 14 spectra due to the co-existence of sea and swell waves. Directional spectra presents a peak 15 around -50º mean wave direction associated with the growing wave due to the wind jet and 16
another peak around 150º associated with the swell. Due to the limited fetch, larger wave 17 frequencies (smaller wave period) are obtained for the -50º wave direction peak than for the 18 150º wave direction peak. In Figure 7b the directional spectra for a period without wind jet 19 are also shown for comparison. In this case, unimodal wave spectra is obtained. In summary, 20 the high-resolution mesh (O4) is able to capture the bimodal spectra during wind jet. 21
Unfortunately, only the statistical spectra parameters were recorded in the buoy 22 measurements, and full spectra comparison is not possible. 23
The water circulation observed at the buoy is characterized by an alignment of the flow 24 following the isobaths. The principal component analysis of the flow for the observed depth-25 averaged currents reveals an angle similar to the coastline orientation (~26º). As the cross-26 shelf flow is limited by the coastline, the variability in this direction is smaller than in along-27 shelf direction: standard deviation is 2.3cm·s -1 in cross-shelf direction versus 7.4cm·s -1 in 28 along-shelf direction. However, the water circulation during the wind jet events shows a 29 different pattern. During these events, the cross-shelf flow variability increases (3.8cm·s -1 for 30 the wind jet event selected), with either two-layer flow or an offshore flow in the whole water 31 column. As an example of water current response during wind jet event, the along-shelf and 32 cross-shelf velocities are shown in Figure 8 for May 2012 at the observational point (negative 1 values mean south-westward and positive north-eastward). The surface currents in the cross-2 shelf direction intensify, causing an eventual two-layer flow during the peak of the wind 3 intensity (21 st of May). When the wind jet calms down, the cross-shelf velocities are small 4 while the along-shelf flow intensity is larger than that of the cross-shelf. The along-shelf 5 current observed during wind jet events tends to reverse from south-westward to north-6 eastward. 7
The skill assessment of the numerical results in terms of current (water velocity) was carried 8 out following a similar scheme to the one used for winds and waves. The numerical model 9 validation with ADCP observations shows an acceptable level of agreement according to the 10 comparison for the wind jet event. For instance, Figure 8 shows a noticeable agreement 11 between the observed and modelled currents in the water column for both along-and cross-12 shelf components. In addition, Table 2 resulting in a two-layer flow in which the current intensity is lower than that of the surface 22 layer. The depth-averaged flow is small due to the balance between the sheared two-layer 23 flow; however, a flow component slightly appears that is aligned with the isobaths in the 24 deeper areas of the continental shelf. Related to that, a clear signal of the slope current is 25 observed in the results at -50m and depth-averaged currents. 26
Ocean bottom roughness numerical experiments 27
The wind intensity and the significant wave height during the selected wind jet event for the 28 four simulations are shown in Figure 10 and DRE) only present differences in the numerical outputs during the jointly occurrence of 2 strong winds and wave peaks in the control point. Waves and wind intensity numerical results 3 at the observational point do not presents significant changes among the four simulations due 4 to the limited fetch conditions which means lower significant wave height in comparison to 5 control point. During the calm period (at beginning and end of the wind jet event) the 6 differences among the four simulations are not appreciable. Comparing the error statistics for 7 the observational point among the three coupled numerical simulations we cannot assure 8 which formulation ensures a better skill assessment (Table 3) . Although OOST sensitivity 9 case presents better agreement at the observational point, the relative size of the wind 10 intensity and significant wave height limits the conclusions for the wind-jet event. At control 11 point the magnitude of the wind intensity and the significant wave height is larger for the 12 uncoupled simulation (CHK) in comparison to coupled simulations. Maximum differences of 13 (water depth in the inner shelf is of the order of metres to tens of metres according to Lentz 22 and Fewings, 2012 ). In the mid-and outer shelf, the flow tends to be oriented in the along-23 shelf direction due to the prevalence of the regional response to the wind jet and the slope 24 current. In this sense, the frictional adjustment time due to the wind (inversely proportional to 25 the depth) varies in the continental shelf section and may be of the order of days in the mid-26 /outer shelf (Csanady, 1982) . In consequence, the expected response at deeper layers will also 27 be dependent on processes acting at larger scales than wind jet (i.e., baroclinic forcing, 28 mesoscale activity etc.) such as the slope current signal observed at 30m water depth and 29 depth-averaged currents (Figure 9b and Figure 9c 
